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Abstact 
Carrier multiplication by singlet exciton fission enhances photovoltaic conversion efficiencies 
in organic solids. This decay of one singlet exciton into two triplet states promises to overcome 
the Shockley-Queisser limit as up to two electrons may be harvested per absorbed photon. 
Intermolecular coupling is deemed mandatory for both, singlet exciton fission and a band-like 
transport. Such a coupling is manifested, e.g., by the Davydov-splitting of the lowest-energy 
exciton transition in crystalline organic solids. For the model system perfluoropentacene, the 
corresponding transitions in the experimental, polarisation-resolved absorption spectra are 
identified by theoretical calculations based on the concept of H and J aggregation. Optical 
injection into the first vibronic progression of the fundamental exciton transitions significantly 
perturbs the higher-energy transitions that are associated to H-type aggregates of the S0  S3 
transition during and following efficient singlet exciton fission. These findings underline the 
necessity for efficient carrier extraction as triplet accumulation may be detrimental to both, 
singlet exciton fission and any potentially band like transport. More generally, our observations 
indicate that electronic excitations can perturb the electronic band structure in organic crystals 
and highlight their correlated nature by potentially distorting the lattice.  
Introduction 
Molecular materials are currently attracting significant attention in optoelectronics as cost-
efficient alternatives to their inorganic counterparts.1,2;3 Typical representatives of the latter are 
Si or GaAs used for detectors and emitters, respectively. These materials are crystalline 
allowing for a Bloch-function treatment of their optoelectronic response. Their emission spectra 
are typically dominated by energies associated with Wannier-type exciton states. These 
bound, Coulomb-correlated electron hole pairs typically extend beyond many unit cells of the 
crystalline lattice. The electronic excitations in such systems were intensely studied over the 
last decades,4 e.g., revealing the intricate interplay between excitons and free carriers.5 
Generally, the optical properties of single molecules are qualitatively well described within the 
framework of transitions between different molecular orbitals when taking into account the 
appropriate selection rules and interactions such as Coulomb and exchange potentials. This 
infers, that excitations are thus confined to individual molecules in dilute systems and the 
lowest-energy dipole-allowed transition is typically observed between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). This optical 
absorption gap may be accompanied by vibrational progressions (often referred to as vibronic 
replica) and the fluorescence emission is then shifted to lower energies (bathochromic shift) 
according to the Franck-Condon principle.6,7 Besides internal conversion, intersystem crossing 
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into the triplet manifold of states by spin-flip may take place on longer time scales, where an 
electric dipole-forbidden transition to the ground state is possible via longer-lived 
phosphorescence. These triplet states are in extended unsaturated alternating hydrocarbon 
derivatives well shifted to lower energies due to large contributions of the exchange 
interaction.8 Decreasing the intermolecular separation and studying less dilute systems 
potentially leads to excimer formation, where an excitation is shared between two adjacent 
molecules. Their hallmark is an additional bathochromic shift of the associated emission due 
to the energy gain of the system during intermolecular coupling.9,10 
The molecular solid-state, however, is at the verge of these two well-established systems, the 
single molecule and the inorganic solid state. Excitations are generally still localized to some 
extent on the individual molecules forming the solid and hence may be described as Frenkel 
excitons.11 They are manifested in additional absorption features, some of which at energies 
below the molecular optical absorption gap. Disordered systems may be treated using, e.g., 
hopping models or by Dexter-Förster energy-transfer schemes due to the generally weak 
interaction between adjacent molecules.12,13 Molecular crystals, however, show more 
pronounced, distinct signatures of intermolecular coupling. Probably most prominently, 
interactions within a bimolecular unit-cell feature a Davydov-splitting of exciton resonances.11 
This can go along with further delocalization of the excitations and charge transfer between 
adjacent molecules.14,15 A long-range order may eventually lead to formation of dispersive 
electronic energy bands, e.g., for favourable molecular orientations such as slip-stacking of 
delocalized -electron systems.16 
Additionally, slip-stacked systems have recently been shown to significantly enhance singlet-
exciton fission (SF).17,18 This unique feature of molecular materials describes the nonradiative 
conversion of one singlet exciton into two triplet excitons - the reverse process of triplet-triplet 
annihilation. This mechanism could double the number of excitations in a solar cell and hence 
should allow surpassing the Shockley-Queisser limit,19 potentially constituting the prime 
physical advantage of organic photovoltaics. Consequently, quantum efficiencies beyond unity 
have been reported in model systems.20 This process is expected for acenes with more than 
four fused benzene rings.21 It is quite efficient in pentacene where the relative alignment of the 
singlet and triplet energy levels is favourable.22,23 In this respect, also the role of vibron-assisted 
singlet-to-triplet exciton-conversion has been discussed.24,25 Although the microscopic 
mechanism for SF is still debated in the literature, it is generally expected to be fostered by 
strong delocalization of excitations.  
The detailed microscopic role of excitations and their effect on the electronic landscape 
remains unclear. In general, the fundamental transition energies in a molecular crystal are 
altered in the presence of excited carriers. After excitation, the system resides in a state with 
changed interaction potentials and, consequently, exhibits an absorption behaviour different 
from the linear optical response. Screening effects are less pronounced in organic 
semiconductors compared to their inorganic counterparts because of their different 
polarizability resulting in significantly larger exciton binding energies and the virtual absence 
of excitations as free carriers.6,26 However, two effects should significantly alter the 
fundamental response: excitons localized on a given lattice site change the Coulomb potential 
of molecules in the vicinity, comparable to bandgap renormalization in inorganic 
semiconductors; secondly, excimer formation may break the initial symmetry of the crystal, 
either dynamically or due to relaxation effects inferring, that the Born-Oppenheimer 
approximation is no longer strictly valid.6 This may lead to altered selection rules resulting in 
new, electric dipole allowed transitions.  
K. Kolata et al. 
3 / 17 
Several approaches are commonly used to model the electronic properties of molecular solids. 
For example, density-functional theory with periodic boundary conditions may be applied in 
connection with GW and Bethe-Salpeter-equation-type modifications to identify the single-
particle band structure and excitonic transitions.27,28,29,30 These approaches, however, do not 
encompass vibronic coupling responsible for the dominant replica found in typical spectra of 
molecular solids. The latter are included in a molecular aggregation-type approach commonly 
applied in structurally less well-ordered systems or solution, which can also include crystalline 
symmetries.31 
In order to investigate this role of the excited carriers in molecular systems we compare 
polarisation-resolved absorption spectra for various molecular arrangements and states of 
excitation by exploiting the relaxation dynamics following impulsive excitation. We distinguish 
three regimes: the linear response of the non-excited sample, a predominantly singlet-type 
exciton population during the first picoseconds, and the quasi-steady-state, long-term 
response by a population of diffused triplet-type excitons. We subject our findings to a detailed 
theoretical analysis taking into account vibronic interactions. Both singlet and triplet-type 
excitations perturb exciton aggregation signatures at energies well above the optical injection. 
This strongly suggests the need for efficient carrier harvesting to retain intermolecular coupling 
and enable the exploitation of the benefits of SF-enhanced solar converters. 
Results 
Signatures of H- and J-aggregates in the linear-optical response 
We begin by investigating signatures of intermolecular coupling in the polarisation-resolved linear 
optical response of perfluoropentacene32 (PFP) films and, thereby, identifying the nature of the 
respective transitions. Preparing the molecular films on different substrates (NaF(001) and KCl(001)) 
yields crystalline films in different molecular orientation. Thereby, all molecular orientations can be 
directly accessed by optical spectroscopy in transmission geometry. Furthermore, since the crystalline 
domains are epitaxially aligned on these surfaces, an ideal polarization resolution is achieved. 33 The 
molecular arrangements in the crystalline thin-films are depicted in Fig. 1. On NaF (001), PFP forms 
domains in (100) orientation, which corresponds to an upright molecular configuration (i.e., the 
molecular long axis, ?⃗? , is oriented perpendicular to the surface; although the molecules are slightly 
tilt towards the crystalline 𝑐 --direction by about 10°). This type of film growth enables spectroscopic 
access to the different packing motifs within the PFP crystal structure. In particular, the herringbone-
packing motif along the 𝑐 -axis as well as the slip-stacked -stacking arrangement along the ?⃗? -axis can 
be accessed individually to compare their polarisation-dependent absorption properties. A 
complementary orientation, i.e., a lying molecular orientation is achieved on KCl(001). This allows a 
direct analysis of the optical properties associated with the molecular long axis. 
The corresponding linear absorption spectra for light linearly polarised along the 𝑐 -axis and the 
?⃗? -axis are shown in panels Fig. 1c and Fig. 1d as blue and red solid lines, respectively. The 
lowest-energy transitions in the solid-state are associated with a transition dipole moment 
oriented along the molecular short-axis ?⃗⃗? .34 A Davydov-splitting of about 27 meV is found. 
Each of the Davydov components is accompanied by a series of vibronic replica at higher 
energies. These bands closely resemble the lowest-energy electronic transition and its vibronic 
progression of PFP in solution, which is shown as grey-shaded area for comparison in all three 
panels. Consequently, they are sometimes also referred to in the literature as HOMO-LUMO 
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transition in the solid state with its vibronic progressions.Fehler! Textmarke nicht definiert. For light which 
is linearly polarisation along the 𝑎 -axis, only residual signatures are found in this energy range 
since the short molecular axis is not efficiently excitable in this case. 
Next, we turn to higher energies. Notably, we find a second band of transitions in the range 
from 2.3 to 3 eV for the polarisation along the 𝑐 -axis which superimposes the lowest-energy 
excitons’ vibronic progressions. This higher-energy absorption band ivirtually absent when the 
probe light polarisation is set parallel to the ?⃗? -axis. By comparing solid-state absorption with 
the solution absorption spectrum, strikingly, the energy spacing between the progressions is 
increased from ~180 meV (~1450 cm-1 hc) in solution to ~190 meV (~1530 cm-1 hc) in the solid 
state. This could imply a concomitant upshift in vibrational frequency, a more restricted change 
in equilibrium structure upon electronic excitation that renders progressions in a different 
normal mode more prominent or an additional splitting induced by excitonic coupling. The 
dominant resonance in this energy range is observed along the 𝑎 ∗-axis.33,34 
Modelling of H and J aggregates 
To assign the higher-energy absorption and, in particular, to physically understand the 
anisotropic optical response, we perform quantum chemical calculations on isolated molecules 
and subsequently use a model Hamiltonian description of the excitonic coupling (see section 
computational details for an in-depth description). The vertical excitation energies computed 
on the density functional theory (DFT) level at the equilibrium structure of the electronic ground 
state reveal thatthe transition dipole moment of the HOMO  LUMO transition (S0  S1),is 
polarised along the short molecular axis (?⃗⃗? ) (Fig. 1c), three additional electronic transitions 
appear in this energy range, two of which are electric dipole forbidden in the Franck-Condon 
approximation (cf. Table 1). Only the S0  S3 transition (HOMO  (LUMO+1)) is electric 
dipole allowed, with the polarisation being aligned with the long molecular axis (?⃗? ). These high-
energy features are attributed to a different fundamental electronic transition (S0  S3) than 
the absorption bands at lower energies, which correspond to the S0  S1 transition as will be 
discussed in the following section in detail.  
We determine the Franck-Condon-profiles from the computed equilibrium structures, the 
normal modes, and the harmonic vibrational wavenumbers of the isolated molecules, i.e., the 
vibronic spectra for an electronic excitation from the electronic ground state to different 
electronically excited singlet states (S0  S1, S0  S3) for temperatures of 300 K. These 
profiles agree reasonably well with the measured solution spectra as shown in Fig. 2a). Note 
that in the graphical representation, the relative intensities and energies of the 0-0 transitions 
are adjusted to the experimental spectra. We estimate an effective Huang-Rhys-factor (related 
to 𝑑f, see section on computational details) from the multimode Franck-Condon profiles for a 
subsequent effective single-mode descriptionin the various electronic states; this factor is 
commonly used to describe the coupling of vibronic and electronic excitations through the 
difference between ground-state and excited-state geometries. 
For interpretation of the main features in the spectra measured for the crystalline film, we follow 
essentially the theoretical model in Ref. [35] for ideal J- and H-aggregate absorptions. In this 
theoretical modelling, the absorption behaviour is analysed for varying electric dipole-coupling 
strength taking into account vibronic coupling as determined by the Huang-Rhys factor from 
the single molecule calculations.36 Together with the excitonic coupling parameter L, which is 
estimated initially based on the electric transition dipole moments in combination with the 
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molecular arrangement and later derived from the experimental data, we calculate the linear 
absorption spectrum for the solid state.  
Table 1: Energies, oscillator strengths, and electric transition dipole moment orientations of 
PFP absorption lines in the gas phase on the density functional theory level. See computational 
details for methods. The axis convention for assignment of the irreducible representation was 
x along the long molecular axis and y along the short molecular axis. 
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1.68 𝑏2u 0.039 0.00 0.97 0 0.97 HOMO  LUMO 
2.65 𝑏1g 0.000 0.00 0.00 0 0.00 (HOMO-1)  LUMO 
2.96 𝑏3u 0.316 2.09 0.00 0 2.09 HOMO  (LUMO+1) 
3.06 𝑏1g 0.000 0.00 0.00 0 0.00 HOMO  (LUMO+2) 
3.63 𝑏2u 0.000 0.00 -0.06 0 0.06 (HOMO-2)  LUMO 
4.00 𝑎g 0.000 0.00 0.00 0 0.00 (HOMO-1)  (LUMO+1) 
4.18 𝑏3u 2.681 -5.12 0.00 0 5.12 (HOMO-3)  LUMO 
The results are shown in Fig. 2b and 2c. The corresponding calculated monomer spectrum 
(single molecule absorption) is given as a grey shaded area for reference. The energy shift of 
the transition resulting from the solid-state background is omitted in order to emphasize the 
effects of aggregation. In Fig. 2b, we show the results for a one-dimensional molecular chain 
with arbitrary parameters. This chain model is motivated by the packing motif of the slipped -
stacking along the ?⃗? -axis. The blue curve shows the absorption spectrum of a pure J-
aggregate. In this case the transition dipoles are all directed parallel to the molecule chain with 
head-to-tail or tail-to-tail arrangement. Here, the vibronic progressions appear to besuppressed 
and the lowest-energy transition gains oscillator strength. Furthermore, the overall absorption 
is shifted towards lower energies. The H-aggregate shown in red, for which the transition 
dipoles are orthogonal to the chain direction and parallel to each other, shows opposing effects. 
The intensity of the 0-0-transition is decreased and the intensity is shifted towards the region 
of the vibronic progressions. The curves in purple and orange correspond to the two possible 
electronic transitions for a system with oblique transition dipole moments. An absorption with 
light polarised in the orthogonal direction to the chain shows H-aggregate-like behaviour. In 
the case when the light is polarised in the direction of the chain the absorption is J-aggregate-
like. 
Figure 2c shows the linear absorption spectra with parameters derived from the theoretical 
data of the S0  S1 transition. The coupling motifs between the transition dipole moments 
aligned with the short molecular axis (?⃗⃗? ) are essentially confined to the (𝑏⃗⃗  ⃗, 𝑐)⃗⃗ ⃗⃗  ⃗-plane, whereas 
coupling along the 𝑎 -axis is reduced. This motivates the use of a two-dimensional model for 
the description of the excitons in this case. Here, we choose an effective tetramer model 
(pinwheel) for simplicity to highlight the main features. Thus, in Fig. 2c we use coupling 
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strengths that are larger than computed for the molecular dimer. For all three polarization 
directions, we observe the J-aggregate-like shift that is also found in the experiment. We also 
find that with polarisation along the 𝑎 ∗-axis the intensities are much smaller than along the 
other axes. 
We performed similar calculations also for the S0  S3 transition, whose electric transition 
dipole moment is aligned with the long molecular axis (?⃗? ). The results are shown in Fig. 2d. 
The spectra for polarisation along the ?⃗? -axis and along the 𝑐 -axis are scaled by factors of 
10000 and of 10, respectively. The curves follow right trends, along the 𝑎 ∗-axis, the absorption 
is shifted to higher energies whereas along the ?⃗? -axis and the 𝑐 -axis, the absorption is shifted 
to lower energies. The intensities for polarisation along the 𝑐 -axis are higher than for 
polarisation along the ?⃗? -axis, which is consistent with the molecular orientation. The molecules 
are tilted more strongly towards the 𝑐  direction, such that the projection of the electric transition 
dipole moment on the 𝑐 -axis is larger than on the ?⃗? -axis. 
Taking into account all the above considerations yields the following association of the peaks: 
peak I-IV are attributed to excitonic transitions related to the molecular S0  S3 transition as 
this features a significant dipole moment. An attribution to the S0  S1 transition appears 
unreasonable; this has lower oscillator strength, which implies relatively weak excitonic 
coupling. This, however, contradicts the vast energy shift observed. The S0  S1 transition 
appears at lower energies for all employed polarisation directions. 
Polarisation-resolved pump-probe experiments 
Next, we analyse the influence of excited carriers on the stronger intermolecular coupling along 
the ?⃗? -axis by polarisation-resolved pump-probe experiments. Here, we focus on the 
absorption-band located in the energy region between 2.2 and 2.6 eV to study the influence of 
excitation on intermolecular coupling whereas the response at the lower-energy resonances 
around 1.7 eV is indicative for blocking of transitions and occupation of the excitonic states 
themselves. The relevant changes of the linear absorption due to excitations in the system in 
this energy range are summarized in Fig. 3. Here, the differential absorption spectra, i.e., the 
pump induced change in the absorption, Δ𝛼𝐿, are given in false colours as function of the probe 
photon-energy (horizontal axis) and pump-probe time delay (vertical axis). The probe 
polarisations are set parallel to the crystal’s ?⃗?  axis in Fig. 3a and along its 𝑐  axis in Fig. 3b; the 
pump polarisation is set along the ?⃗?  axis in both cases. Negative differential absorption signals 
are encoded in blue, whereas positive signals are displayed in green in the region of interest. 
The low-energy signals in the vicinity of the lowest singlet-exciton transition and its first phonon 
replica are greyed out. Here, we find the characteristic bleaching accompanied with a slight 
shift, which is manifested by an induced-absorption-like signature at energies above the 
transition energy.37 Clearly, the non-linear responses are highly anisotropic. Furthermore, two 
distinct time-regimes are identified marked by the olive and purple dashed boxes.  
To better quantify the observed changes and hence identify their origin, averaged differential 
absorption spectra for both axes are plotted in Fig.2c and Fig.2d. The olive curves show the 
average Δ𝛼𝐿-signal for time delays from 0-12 ps and the purple curves span time delays from 
12-1000 ps. These two time regimes capture two different excitation conditions: shortly after 
excitation the excitons reside in singlet-type, excimeric or correlated triplet pair states; singlet 
fission occurs on this timescale. Hence, the excitations reside in diffused triplet-type states at 
later times. 38 The system is in a quasi-equilibrium that slowly decays by recombination of 
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triplet-type excitons. Again, the lower-energy responses are greyed out and they are scaled in 
height for clarity, the corresponding factors are provided in the figure.  
All features along the 𝑐 -axis (Fig 3d) in the high-energy range are strongly bleached.38 When 
comparing the two time regimes depicted in Fig. 3d, no shifts in energy are observed. The 
energy difference between the two bleaching peaks at 2.29 eV and 2.49 eV remains constant 
for singlet-type and triplet-type excitations in the system associated with early and late time 
delays, respectively. Hence, these signatures are interpreted as direct results of a reduced J-
aggregate-like absorption. Consequently, the intermolecular dipole coupling during optical 
excitation is decreased due to the presence of an excitonic population. The remaining induced 
absorption results from the shift signature associated with the fundamental singlet exciton 
transition and its vibronic replica.  
The pump-probe spectra recorded parallel to the ?⃗? -axis show a distinctively different response 
(Fig 3c). Several induced absorption features appear instead of the previously discussed 
bleaching observed for polarisation of the probe pulse along the 𝑐 -axis. Additionally, the 
features evolve spectrally with time, slightly shifting to lower energies. As far as the line-shape 
is concerned, the peaks resemble vibronic progressions like the energy band starting at 
2.29 eV in the linear absorption along the 𝑐 -axis discussed above. The emerging progressions 
observed along the ?⃗? -axis thus resemble the linear absorption of the 𝑐 -axis. As this was 
attributed to an H-aggregate of the molecular long-axis dipole, which should not be observed 
in the equilibrium lattice structure. This may hint towards an excitation-induced slight crystalline 
deformation during the initial few ps that enables addressing this transition by light polarized 
along the ?⃗? -axis. Alternatively, this signature may be similar to the solution spectra, i.e., as if 
monomer-like uncoupled molecular dipole transitions become increasingly allowed when 
excitons are present in the system. Another change in the background potentials is observed 
once the singlet-like excitons diffuse into individual triplet excitons during the fission process, 
i.e., the correlated triplet pairs 1(TT), after approximately 12 ps (purple solid line in Fig. 3d). 
Now, the vibronic progressions shift to lower energies and the relative oscillator strength of the 
individual contributions is modified. 
Discussion 
Molecular materials offer intriguing properties such as singlet exciton fission, which may allow 
surpassing the Shockley-Queisser limit for photovoltaic devices. Single crystals are ideal 
model systems to explore the microscopic origin and clearly identify the nature of the required 
intermolecular coupling. The optical response of these materials commonly bears significant 
contributions of the vibronic structure. These are included in an exciton aggregate model which 
enables the assignment of several excitonic resonances to the polarisation-resolved linear 
absorption spectra of crystalline PFP films. In this work, we study the anisotropic linear 
absorption of crystalline PFP to identify all solid-state absorption bands in the visible spectrum 
and assign their origin as compared to the features observed in solution spectra. Our 
observations are discussed within an exciton-aggregate model taking into account the Huang-
Rhys coupling parameters within this system.as well as by DFT-based calculations of their 
respective influence on the optical absorption bands. 
Based on these results, the effects of optically injected excitons on the intermolecular coupling 
of electric transition dipole moments are explored. The experimental observations are 
theoretically analysed within the framework of J-aggregates and H-aggregates: the optical 
injection of carriers leads to a reduction of signatures that are attributed to intermolecular 
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coupling. Therefore, the molecular coupling is decreased by the presence of electronic 
excitations in the system. Any kind of excitation, i.e., singlet or triplet-type excitons, excimers, 
and correlated-triplet-pairs, 1(TT), perturb the periodicity required to observe a collective dipole 
coupled response and signatures of uncoupled individual molecules prevail. Hence, all 
excitation suppress the collective dipole-coupled response that would ultimately lead to a 
band-like transport. Alternatively, a slight deformation of the crystal lattice by the optical 
excitation is expected due to the appearance of additional resonance in the polarisation-
resolved induced absorption. Thus, efficient carrier extraction is required after singlet fission 
to prevent an accumulation of triplet excitons, which potentially reduces the efficiency of 
additional singlet-exciton fission processes.  
Methods 
Sample Growth and Structural Characterization: 
The PFP (Kanto Denka Kogoyo, purity > 99%) films are grown on crystalline NaF (001) and 
KCl (001) surfaces. The alkali halide surfaces are prepared by cleaving slices of about 2 mm 
thickness from a single-crystal rod (Korth Kristalle GmbH) in air. After transfer into the vacuum 
system, the substrates are annealed at 450 K to remove adsorbed water. Subsequently, the 
highly-crystalline PFP thin films (150 nm) are prepared under ultra-high-vacuum conditions by 
molecular beam deposition at a molecular flux of about 6 Å/min as monitored by a quartz 
crystal microbalance. To maximize the domain sizes, the PFP films are grown at a substrate 
temperature of 350K. PFP forms epitaxially ordered adlayers of the bulk structure.33 On NaF 
substrates, the molecules adopt an upright (100)-orientation with lateral alignment along the 
substrate <100> directions. On KCl, the PFP molecules are arranged in the <102>-orientation 
which corresponds to a lying molecular geometry. In this case, the crystalline domains are 
aligned along the KCl <110> directions. The crystalline structure of all samples is verified by 
X-ray diffraction, optical microscopy, and atomic force microscopy as detailed in 33.  
Pump-probe spectroscopy and data evaluation 
All polarisation-resolved pump-probe experiments are performed at room temperature. The 
laser source driving both, the pump and the probe beam is a regenerative 100 kHz Ti:sapphire 
amplifier system. The samples are excited by strong pump pulses generated in an optical 
parametric amplifier tuned to 1.95 eV. The photon flux is set to 4.5x1015 photons/cm2 per pulse. 
A weak fs-white-light supercontinuum is used as probe. It is generated in an yttrium-aluminium-
garnet (YAG) crystal using a small fraction of the fundamental 800 nm pulse intensity. The 
linear polarisation of both arms, i.e., pump and probe, is defined by combinations of two Glan-
laser-type polarizers and broadband half-wave plates adjusted to the desired angle with 
respect to the plane of incidence before they are focused onto the sample. This way, a 
polarisation contrast better than 1000:1 is ensured in both cases. Furthermore, the angle of 
incidence of the pump pulse is kept small, so that out of plane excitations are negligible. The 
setup yielded sub-300 fs time resolution. 
The linear absorption at the excitation energy 1.95 eV is nearly degenerate for the ?⃗? - and the 
𝑐 -axis. Therefore, for all experiments, the pump pulse is kept linearly polarised along the ?⃗? -
axis. The probe polarisation is adjusted by checking the spectral shift of the fundamental 
transition in the transmission spectrum. The maximum blue shift in this transition corresponds 
to the ?⃗? -axis response of the crystal. Moreover, the amount of shift as well as the linewidth of 
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the fundamental transition are very good indicators for the domain quality. The orientation of 
the probe pulse polarisation allows for the correlation of structural properties and electronic 
excitation. Its polarisation is thus set parallel to the ?⃗? - and 𝑐 -axis. 
After passing through the sample, the probe is dispersed in a spectrometer with a spectral 
resolution of 1 nm and is detected by a thermoelectrically cooled silicon charged coupled 
device camera (1064x120 pixels) cooled to -30°C. The change of absorption is measured by 
opening and closing pump and probe arm with mechanical shutters.  
The Δ𝛼𝐿 is calculated as follows: 
Δ𝛼𝐿 = −ln (
𝑇PPr − 𝑇P
𝑇Pr − 𝑇B
) 
𝑇PPr is the transmission of both, pump and probe. 𝑇P captures only the pump transmission with 
the probe arm closed in order to correct for scattered pump light and photoluminescence from 
the sample. 𝑇Pr is the probe transmission corrected by the background 𝑇B (both shutter closed). 
Hence, the experiment is able to monitor the pump-induced changes in the absorption of the 
sample as a function of polarisation, probe photon energy, and time. 
Computational details 
Gas phase vibronic spectra of perfluoropentacene monomers are computed in the adiabatic 
and harmonic approximation with the program hotFCHT 39,40,41,42. Equilibrium structures on the 
Born-Oppenheimer hypersurface together with the harmonic vibrational force fields in the 
electronic ground state and the energetically lowest excited singlet state are computed on the 
level of Kohn-Sham density functional theory (DFT) 43 or its time-dependent variant (TD-DFT) 
44 with the def2-TZVP basis set45,46 and the B3LYP functional47,48 with the program package 
Turbomole49. The electronic ground state, the HOMO-LUMO excited state and the HOMO-
(LUMO+1) excited state are found to have D2h symmetric equilibrium structures. This point 
group symmetry is exploited when computing the harmonic vibrational force fields. Excitonic 
coupling is described with an effective Hamiltonian that allows for static excitonic coupling 
between neighbours and considers only a single effective linear electron-phonon coupling 
mode. By virtue of the computed gas phase vibronic spectra for the 𝑆0 → 𝑆1 transition and for 
the 𝑆0 → 𝑆3 transition, which accounts for linear and all quadratic coupling terms (full 
Duschinsky mode mixing is included), the harmonic vibrational wavenumber ?̃?e of the single 
effective mode is chosen (𝜔 = 2𝜋𝑐?̃?e). The effective linear vibronic coupling strength 𝑑F is 
determined by the intensity ratio between the two spectral regions of lowest wavenumbers 
(typically from 0 cm-1 to 1000 cm-1 and from 1000 cm-1 to 2000 cm-1 with respect to the 0-0 
transition wavenumber). The Frenkel exciton coupling strength 𝐿 was initially chosen to 
resemble the interaction energy between the respective electric transition dipole moments 
when located at the two different molecules in the unit cell and later adjusted. These 
parameters are listed in Table 2. 
This model bases on the frequently used dimer model of excitonic coupling as described in 
Refs. [50,51] (see also Ref.[52] for a recent review ) and related models for oligomers.53 In all our 
calculations we use open boundary conditions together with a many-body expansion of the 
excitonic wave function, which was terminated at the two-body level. Vibrational excitations up 
to quantum numbers 𝑣 = 4 and 𝑣’ = 4 in the electronic ground state and electronically excited 
state of each monomer are included (parameter 𝑣max). The effective Hamiltonian used reads 
in second quantized language as ?̂?eff = ?̂?ex + ?̂?vib + ?̂?ex−vib with the Frenkel exciton part 
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?̂?ex = ∑ 𝐸F?̂?𝑖
+?̂?𝑖𝑖 + ∑ 𝐿(𝛿𝑖,𝑘+1 + 𝛿𝑖,𝑘−1)?̂?𝑖
+?̂?𝑘𝑖,𝑘  the phonon vibrational part ?̂?vib =
 ∑ ℏ𝜔 𝑖 (?̂?𝑖
+?̂?𝑖 +
1
2
) for the single vibrational degree of freedom at each site 𝑖. Here, the energies 
𝐸F of the uncoupled single site excitons and ℏ𝜔 of the effective single mode phonons as well 
as the excitonic coupling strengths 𝐿 and the linear vibronic coupling strength 𝑑F given below 
are parameter of the model. The operator ?̂?𝑖
+ creates an exciton at site 𝑖, whereas ?̂?𝑖 
annihilates a corresponding exciton. Similarly, ?̂?𝑖
+(?̂?𝑖) creates (annihilates) a phonon at site 𝑖. 
The linear electron phonon coupling term reads as ?̂?ex-ph = ∑  ?̂?𝑖
+?̂?𝑖𝑖 𝑑F(?̂?𝑖
+ + ?̂?𝑖) + 𝑑F
2/(ℏ𝜔). 
We use in our implementation a unitarily transformed description in a displaced, undistorted 
harmonic-oscillator basis for the excitonic state and compute matrix elements between the 
undisplaced harmonic oscillator in the electronic ground state and the displaced harmonic 
oscillator in the electronically excited (excitonic) state. On each site, we allow for phonon 
excitation up to the quantum numbers mentioned above. Only one-body and two-body terms 
are kept in the expansion of the full wave function which means that only basis functions with 
up to single excitons and up to phonons excited at two different sites are included. To describe 
absorption features, electromagnetic coupling of linearly polarized light to the electric transition 
dipole moment operator at each site is considered and a Gaussian line width function with a 
full width at half maximum of 0.3 ℏ𝜔 was assumed. 
Table 2: Parameters for the simulations of absorption spectra. The signs where given in 
parenthesis were chosen differently for the different polarisation directions depending on either 
the projection of the transition dipoles on the polarisation axis showed an H-aggregate or J-
aggregate-like arrangement. 
 Linear 
chain 
Linear 
chain 
Linear chain Monomer Pinwheel Pinwheel 
 J-
aggregate 
H-
aggregate 
Tilted 
dipoles 
 𝑆0 → 𝑆1 𝑆0 → 𝑆3 
?̃?e  1400 cm
-1 1400 cm-1 1400 cm-1 1400 cm-1 1400 cm-1 1200 cm-1 
𝑑F 1 ℏ𝜔 1 ℏ𝜔 1 ℏ𝜔 1 ℏ𝜔 0.9 ℏ𝜔 0.71 ℏ𝜔 
𝐿  −0.5 ℏ𝜔 0.5 ℏ𝜔 (−)0.5 ℏ𝜔  (−)0.1ℏ𝜔*
and 
(−)0.5ℏ𝜔 
(−)0.45ℏ𝜔* 
and
(−)2.0ℏ𝜔 
Number of 
molecules 
5 5 5 1 (2x2) (2x2) 
𝜈max 4 4 4 4 4 4 
*Not shown, calculated coupling for dimer 
Data availability 
Data supporting the findings of this study are available within the article (and its Supplementary 
Information files) and from the corresponding author on reasonable request.  
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Figure 1 
 
Figure 1: Overview on the crystal structure and linear optical absorption. a,b) 
Visualization of molecular packing as adopted in the investigated PFP films on NaF (001) in 
top-view (a) and side view (b), c) molecular geometry of PFP molecule with orientation of 
dipole moments associated to S0  S1 and S0  S3 transitions. d-f) Linear absorption spectra 
of PFP thin films acquired with light polarizations along different crystallographic directions: d) 
E || 𝑐 , e) E || ?⃗? , f) E || 𝑎 . For comparison, a PFP spectrum in dichloromethane solution is 
provided as grey shaded curve (data according to 34}. (d) and e) were acquired from 
measurements of PFP films on NaF (001), while f) was acquired from PFP films prepared on 
KCl(001).)
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Figure 2 
Figure 2: Polarisation-resolved absorption spectra including monomer and solution 
spectra (grey, for reference). (a) Calculated Franck-Condon profiles. The spectra at 0 K are 
shown as stick spectra. The spectra at 300 K are shown in blue (S0  S1) and green (S0  S3). 
The signals are shifted and scaled in order to match the experimental spectrum. (b) Calculated 
linear absorption spectra for a linear chain as a J-aggregate (pink), an H-aggregate (orange) 
or with oblique transition dipoles (short dashed). (c) Calculated linear absorption spectra for a 
(2x2)-system resembling the S0  S1 transition. The results are for polarisation along the a-
axis (black), the b-axis (red) and the c-axis (blue). (d): Calculated absorption spectra for a 
(2x2)-system resembling the S0  S3 transition. The colour code is the same as for subfigure 
c. The signals for polarisation along the b axis and the c axis are scaled by factors of 10000 
and 10, respectively. 
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Figure 3 
Figure 3: Polarisation-resolved transient absorption spectroscopy. a,b) Time-dependent 
differential absorption spectra of PFP films with different light polarizations of the probe source 
revealing strongly anisotropic behaviour in the energetic regime between 2.2 eV and 2.6 eV. 
The purple and olive boxes, respectively, highlight the time regions, which are used to extract 
the spectra shown in c) and d). Significant induced absorption at the positions of signals I and 
II is observed for polarization along the ?⃗? -axis, while a bleaching of these signals is found 
along the 𝑐 -axis. Both effects are strongest in the early time regime (0-12 ps) but still observed 
after up to 1 ns. (Note that the strong bleaching observed at lower energies is a direct effect of 
the increased occupation initiated by the pump-pulse and therefore not discussed in detail 
here.) 
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